Doniach diagram for ordered, disordered and underscreened Kondo lattices. 
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The Doniach's diagram has been originally proposed to describe the competition between the 
local Kondo effect and the intersite RKKY interactions in cerium compounds. Here we discuss 
the extension of this diagram to different variations of Kondo lattice model. We consider a) or- 
dered cerium compounds where the competition between magnetic order and Kondo effect plays 
an important role, as in CeRh2Si2, b) disordered cerium systems with competing spin glass phase, 
magnetic ordered phases and a Kondo phase, as in the heavy fermion cerium alloy CeCuxNi\-x 
and, c) uranium compounds where a coexistence between Kondo effect and ferromagnetic order has 
been observed, as in UTe. We show that all these cases can be described by a generalized Doniach 
phase diagram. 

PACS numbers: 71.27.+a, 75.30.Mb, 75.20.Hr, 75.10.-b 



I. INTRODUCTION 

The magnetism in strongly correlated /-electron sys- 
tems is a subject of great interest from both experimental 
and theoretical points of view, since the famous explana- 
tion of the logarithmic decrease of the electrical resistiv- 
ity in magnetic dilute alloys - like AuFe - by J. Kondo in 
1964^. This phenomenon has been called Kondo effect, 
and in the following forty years it has been experimen- 
tally observed in many heavy fermion compounds with 
cerium, ytterbium, uranium and other rare earth or ac- 
tinide elements. An exact solution of the single impurity 
Kondo effect has been theoretically determined by the 
renormalization group and by Bethe ansatz: in essence, 
the Kondo effect occurs because the localized magnetic 
moment Sf — 1/2 of the magnetic impurity is completely 
screened by the conduction electron spin-density "cloud" 
at T = 0. For a review see Ref However, the very 
rich phase diagram of dense heavy fermion compounds 
can not be explained in the framework of the one impu- 
rity model. R has been proven that the Kondo lattice 
(KL) model is the appropriate tool for describing the 
properties of many cerium and uranium compounds. 

In heavy fermion materials there are two kinds of elec- 
trons: conduction electrons from outer atomic orbitals, 
and strongly correlated electrons from inner /-orbitals, 
the later ones being generally localized. As a conse- 
quence, the /-electrons may be considered as a lattice of 
localized spins and the KL model describes the coupling 
of these localized spins with the electrons in the con- 
duction band. Historically, the KL model has been pro- 
posed to account for properties of cerium compounds^'^. 
In most of cerium-based compounds, cerium ions are in 
the 4/^ configuration. In this case, there exists one /- 
electron per site, with spin S = 1/2 spin, which cou- 
ples antiferromagnetically to the conduction electron spin 
density, via an on-site exchange interaction Jk- Be- 



sides, the local coupling between /—spins and conduc- 
tion electrons may give rise to magnetic order through 
the RKKY interaction. The competition between Kondo 
effect, which is characterized by an energy scale Tr- ~ 
exp{—l/JK), and magnetic order, characterized by the 
strength of the RKKY interaction Trkky ~ leads to 
a very rich phase diagram with possible quantum phase 
transitions. In cerium compounds the transitions typi- 
cally occur between non-magnetic (Kondo) and antifer- 
romagnetically ordered metallic states. For small values 
of Jk coupling, the RKKY interaction is dominant and 
the system orders magnetically. At intermediate values 
of Jk, energy scales Tk and Trkky are of compara- 
ble strength - magnetic order still occurs but with par- 
tially screened localized moments. With further increase 
of the Jk coupling, the magnetic order is further sup- 
pressed and only short range magnetic correlations can 
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survive ' . 

The presence of disorder in alloys can strongly affect 
the competition between the RKKY interaction and the 
Kondo effect. The role of disorder can be also studied in 
the framework of the KL model if one considers the inter- 
action between localized spins as random variables with 
zero mean. This extension is called disordered Kondo lat- 
tice (DKL) model. In the DKL model disorder produces a 
broad distribution of Kondo temperatures and can be re- 
sponsible for the deviation from the Fermi liquid behavior 
found in some heavy fermion compounds. Indeed, vari- 
ous effects of "Kondo disorder" has been reported in both 
cerium based - CeNii-j^Cuar^iii^, Ce2Aui_2;Co2; Sia^-, 
or uranium based - UCu^-xPdjr^, Ui-xLaxPd2Al^^^' - 
compounds. Moreover, most of these compounds exhibit 
coexistence of spin glass and Kondo effect. 

Finally, let us specially discuss the behavior of 
uranium compounds, which is generally quite dif- 
ferent from cerium compounds, particularly due to 
the existence of several coexistence phenomena be- 
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tween magnetism, Kondo effect and superconductiv- 
it^ r^^i^^, 14^15, 16^17, 18 ^ rpj,^^ magnetism in uranium ions 

comes from 5/ electrons, which in most uranium com- 
pounds are in a crossover region between locahzcd and 
itinerant behavior. The strength of the locahzation de- 
pends strongly on a subtle balance between electronic 
correlations, crystal field and spin-orbit coupling. It is 
often rather difhcult to decide, on the basis of the exper- 
imental data, between Kondo behavior of well localized 
5/^ configuration and mixed- valence behavior. If the ma- 
jority of uranium ions are in 5/^ configuration, in which 
two /-electrons are bound into spin 5* = 1, these ura- 
nium compounds can be studied in the framework of the 
Underscreened Kondo lattice (UKL) model. This model 
considers a periodic lattice of magnetic atoms with local- 
ized S = 1 spins interacting with conduction electrons 
via an intra-site antiferromagnetic Kondo coupling and 
among them via an inter-site ferromagnetic interaction. 

The overall physics of heavy fermion compounds can be 
well described by a generalized Doniach phase diagram. 
The original Doniach phase diagram has been proposed 
to describe the experimentally obtained phase diagram of 
some cerium compounds^. In this phase diagram a quan- 
tum phase transition between a magnetically ordered one 
phase and a non-magnetic Kondo phase is observed, i.e. 
Kondo screening and RKKY coupling are in competition. 
The Doniach diagram was later extended^i^ to include the 
short range magnetic correlations that survive inside the 
Kondo phase. 

The competition between spin glass, magnetism, ei- 
ther ferro- or antiferromagnetism, and Kondo effect can 
be also analyzed in the framework of a Doniach phase 
diagram for the disordered Kondo lattice model. In the 
case of antiferromagnetism, the obtained phase diagram 
shows the sequence of spin glass, antiferromagnetic order 
and Kondo state for increasing Kondo coupling Jp^^^^. 
The experimental phase diagram of Ce2Aui_a;Co2; Sig^^ 
can be addressed if the Jk coupling is associated with 
the concentration of cobalt. In the case of ferromag- 
netism, the phase diagram displays several phase tran- 
sitions among a ferromagnetically ordered region, a spin 
glass one, a mixed phase and a pure Kondo state^^. This 
phase diagram could be used to partially address the ex- 
perimental data for CeNii_a;Cua~ii. 

An analog of the Doniach phase diagram can be de- 
rived for the UKL model, and it appears to be signifi- 
cantly different from the original one for the Kondo lat- 
tice model with localized spins S — 1/2. When decreas- 
ing the temperature, the UKL model exhibits two contin- 
uous transitions (more precisely, sharp crossovers): the 
first one, at T = Tk, to a non-magnetic Kondo state, 
and the second one, at T = Tc, to a ferromagnetic state 
that coexists with the Kondo state. At T = 0, for a 
strong Kondo coupling, Jk, ferromagnetism and Kondo 
effect coexist. The obtained phase diagram has regions of 
Kondo-ferromagnetic coexistence, non-magnetic Kondo 
behavior and pure ferromagnetism. This phase diagram 
can be considered as a new ferromagnetic Doniach dia- 



gram for the UKL model. 

In this review we analyze how the interplay between 
Kondo effect, magnetic order, antiferromagnetic or ferro- 
magnetic, and spin glass behavior modify the Doniach 
phase diagram for the Kondo lattice. We argue that 
the Doniach phase diagram is a useful theoretical tool 
for studying such competition, and, at the same time, 
provides a convenient playground for experimentalists to 
study the stability of magnetic order in concentrated rare 
earth and actinide based compounds. 

II. S=l/2 KONDO LATTICE MODEL: CERIUM 
COMPOUNDS. 

In a large number of cerium compounds, Ce ions are 
in the localized 4/^ configuration corresponding to spin 
S = 1/2. The localized spin couples antiferromagneti- 
cally, via an on-site exchange interaction, Jk , to the con- 
duction electron spin density. At very low temperatures 
the localized spin S' = 1 /2 is completely screened by the 
conduction electrons, leading to the formation of coher- 
ent Kondo spin-singlet state. Besides, the local coupling 
between /—spins and conduction electrons may give rise 
to a magnetic order through the RKKY interaction. 

Most cerium compounds exhibit antiferromagnetic cor- 
relations between Ce ions, and many of them order an- 
tiferromagnetically, with rather low Neel temperatures, 
about 10 K. At low temperatures there is a strong com- 
petition between the Kondo effect and antiferromagnetic 
order. This competition has been firstly described by 
the well-known Doniach diagram. Accordingly, cerium 
compounds are separated into those which do not or- 
der magnetically and have a very large electronic specific 
heat constant 7 (like CeAla), and those which order mag- 
netically and present a relatively smaller heavy fermion 
behavior at low temperatures (like CeAl2). Detailed re- 
views and references can be found in refs.'^'^. On the 
other hand, there are very few compounds which exhibit 
both a Kondo character and a ferromagnetic order (gen- 
erally with a low Curie temperature). For example, a 
recently studied compound is CeRuPO which order fer- 
romagnetically at Tc = 1?)K and presents a relatively 
weak Kondo effect^. 

The Hamiltonian of the KL model can be written as: 

+ \JHY.,,^^S, (1) 

where the first term represents the conduction band with 
dispersion Cfe, width 2D and constant density of states 
1/2D; eo is a Lagrange multiplier which is fixed by a 
constraint for the total number of f-electrons per site, 
Uf — 1, and can be interpreted as a fictitious chemical 
potential for /-fermions. The third term is the on-site an- 
tiferromagnetic Kondo coupling, Jk > 0, between local- 
ized Si — 1/2 and conduction electron's (7^ = 1/2 spins. 
Finally, the last term is the antiferromagnetic inter-site 
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interaction, Jh > 0, between localized /-magnetic mo- 
ments. 
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FIG. 1: The non-magnetic region of the Doniach diagram for 
Ce compounds: Plot of the Kondo temperature Tk as a func- 
tion of Jk for Jh / D — 0.04 and representative values of the 
conduction band filling, n. It is also showed the correlation 
temperature Tcor , and the single-impurity Kondo temperature 
Tko- Reproduced from ref.— 



This Hamiltonian has been studied within a general- 
ized mean field scheme where the relevant order parame- 
ter related to the Kondo effect is A^r — (cf^fia)- A finite 
value of A corresponds to a Kondo state (for a full discus- 
sion of the limits and validity od this approximation see 
references^i^iSi) . Within this mean field treatment a non- 
exponential Kondo temperature can be obtained, and 
also a correlation critical temperature for the short-range 
magnetic correlations near the quantum critical point. In 
Fig. [1] we show the results of the Kondo temperature as a 
function of Jk in the non-magnetic region. It is evident 
that for intermediate values of Jk the Kondo tempera- 
ture clearly deviates from the one-impurity exponential 
behavior, and also a short range magnetic correlation be- 
tween neighboring spins is present, which is characterized 
by a correlation temperature Tcor- For high values of the 
interaction Jk the Kondo temperature becomes indepen- 
dent of the electron concentration and almost equal to 
the one-impurity value. These results account for the 
behavior of Tk in some cerium compounds where a devi- 
ation from the exponential law has been observed**'^. We 
remark that in the KL model there is no coexistence be- 
tween the Kondo region and the magnetic ordered phase. 
If one includes possible magnetic solution, a narrow re- 
gion of coexistence is obtained, but either the Kondo or 
the magnetic solution is the minimum free energy one, it 
was discussed in ref i^) . Because of this reason the mag- 
netic region, corresponding to low values of Jk, is not 
depicted in Fig. [TJ 



III. THE SPIN GLASS AND MAGNETISM IN 
KONDO LATTICE. 

The second theoretical study we present here concerns 
the phase diagram of the disordered KL the model. The 
DKL model is an extension of KL model with a random 
intersite interaction between the localized spins. The 
Hamiltonian describing this situation is given by: 

H = J2ka ^knl„ + E,<T eo^L + HsG 

+ JKT.^{Sts- +h.C.) (2) 

where the term Hsg — "^ij^i^j given by a quan- 
tum Ising interaction between the z-components of the 
localized spins, and it describes a spin glass character. 
There are several ways how one can introduce random- 
ness into exchange integrals Jij. First, the exchange 
integrals can be considered as random variables with 
a Gaussian distribution with zero average, like in the 
Sherrington-Kirkpatrick model — . In this case the ob- 
tained phase diagram shows first a spin glass phase and 
then a Kondo phase with increasing Jk —■ Important 
improvements can be achieved when a non zero average 
value of the Gaussian distribution is considered. Then 
a more complex phase diagram with a ferromagnetic — 
or an antiferromagnetic — phase occurs at low tempera- 
tures for smaller Jk values. This approach allows also to 
derive a quantum critical point for the magnetic phase 

21.28 

Here we discuss some recent theoretical developments 
which allows to better understand the spin glass and 
Kondo state coexistence which have been experimentally 
observed in several cerium — and uranium alloys. 
This approach is a generalization of the Mattis model , 
and it represents an interpolation between a ferromagnet 
and a highly disordered spin glass (Detailed calculations 
can be found in Ref. — ) . The coupling between spins on 
different sites, i and j, is given by: 

where the = ±1 (/u = 1, 2, i = 1,2, ...,N) are in- 
dependent randomly distributed variables. For the clas- 
sical Ising model, if /i = 1, the original Mattis model — 
is recovered. However, if p—N and the iV^ random vari- 
ables have zero mean and unitary variance, , Jij tends 
to a Gaussian variable in the limit of N large, as in 
the Sherrington-Kirkpatrick modeP^ . Therefore, one can 
consider this model as an interpolation between ferro- 
magnetism and highly disordered spin glass. 

The critical parameter of the model is the ratio a — 
p/N, which describes the degree of the frustration in- 
duced by disorder. For large values a > ac, where Oc is a 
particular value, the frustration is dominant leading to a 
spin glass behavior, characterized by a certain tempera- 
ture Tf. At small value of a < ac, this parameter gives 
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an estimation of the relative importance of the ferromag- 
netic and spin glass phases for small values, because 
for large Jk values, the Kondo phase is always present. 
In fact, for low values of both a and Jk a complex be- 
havior can appear. Therefore, in the presence of disorder, 
the parameter a together with Jk/J constitute the pa- 
rameter space of the extended Doniach phase diagram of 
the DKL model. 

In Fig. [2] we present the phase diagram for a = 0.04. 
For a relatively small Jk/J ratio and when decreasing 
the temperature, there is a a spin glass phase, then a co- 
existence region between ferromagnetism and spin glass 
and, finally, a ferromagnetic phase. 
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FIG. 2: The Kondo-spin glass-ferromagnetic diagram versus 
Jk/J for D=12 and a=0.04. 

Fig. [2] accounts very well for the experimental phase di- 
agram of CeCui-xNix disordered alloys, where Kondo, 
spin glass and magnetically ordered phases are observed. 
The experimental phase diagram of CeCui-xNi^ is in 
fact very complicate: for example, a very careful experi- 
mental study of CeCuQsNiQA yields a percolative tran- 
sition with decreasing temperature from a cluster-glass 
state with ferromagnetic correlations to a ferromagnetic 
clustered state and recent theoretical simulations can re- 
produce satisfactorily the experimental situation*. But 
the results presented in Fig. [21 and in a more detailed 
way in Ref.^^, provide a fairly good description of the 
phase diagram of CeCui^xNix alloys. 



IV. THE UNDERSCREENED KONDO LATTICE 
APPLIED TO URANIUM COMPOUNDS 

As we already said in the introduction, uranium com- 
pounds show very rich behaviors, quite different from 
cerium compounds, with the presence of numerous coex- 
istence phenomena. Here we discuss mainly the coexis- 
tence of magnetic order with Kondo effect, which can be 
well described in the framework of a extended ferromag- 
netic Doniach diagram. Let us briefly describe the exper- 
imental situation. The first experimental evidence of the 



coexistence between Kondo behavior and ferromagnetic 
order in the dense Kondo compound UTe has been ob- 
tained long time agoi^. More recently, this coexistence 
has been observed in UCuo,QSb2 and U C00.55&2 — 
All these systems undergo a ferromagnetic ordering at the 
relatively high Curie temperatures of Tc — 102K (UTe), 
Tc = 113K (t/Cuo.95'62) and Tc = 64.5K (C/Coo.sS'&a). 
Above the ordering temperatures, i.e. in the expected 
paramagnetic region, these materials exhibit a Kondo- 
like logarithmic decrease of the electrical resistivity, in- 
dicating a Kondo behavior. This logarithmic variation 
extends down to the ferromagnetic Curie temperature, 
Tc, suggesting that the Kondo behavior survives inside 
the ferromagnetic phase, implying that the ferromagnetic 
order and the Kondo behavior do coexist. This coexis- 
tence, together with the large Curie temperatures, are 
clearly novel features that cannot be explained by the 
standard KL model. 

This coexistence can be qualitatively understood by 
studying the underscreened Kondo lattice model. De- 
tailed results can be found in refsi^i^S. The UKL 
model describes the situation when the localized spins are 
larger than 1/2, and therefore, they cannot be completely 
screened by the conduction electrons at T = 0. The UKL 
model can be applied to uranium compounds if the ma- 
jority of uranium ions are in 5/^ configuration, in which 
two /-electrons are bound into spin S = 1. We believe 
this is an appropriate description of electronic states for 
those compounds which have magnetic moments close to 
the free ion value o^^'^'^i^^ . Here we will describe a mean 
field solution of the UKL model, which describes well the 
physics of the above mentioned uranium compounds. 

The Hamiltonian of the UKL model can be formally 
written as Eq.(l), the one for the normal KL model. The 
main difference between the KL Hamiltonian (Eq.(l)) 
and the UKL model is that the localized spins are now 
Sj = 1. Correspondingly, the constraint for the total 
number of f-electrons per site is modified, and it is given 
hy Uf — J2a(''^l^ + "•^^) ~ 2' where /I and /2 are two 
degenerate /-orbital states. Also, the last term of the 
Hamiltonian now represents a ferromagnetic inter-site in- 
teraction between localized /-spins, then for the UKL 
Hamiltonian Jh < 0. 

We restrict our considerations to a mean-field (MF) 
treatment of the Hamiltonian and introduce four MF 
parameters = {J2a^tafta)^ M = ^{n{^ - n(^) and 
m — — n'^i), where (...) denotes the thermal aver- 

age. 

Non-zero values of M and m describe a magnetic phase 
with non-zero total magnetization, while non-zero val- 
ues of Ao- describe the Kondo effect and the formation 
of the heavy-fermion state, as in the case of the stan- 
dard KL. For large values of Jk, one obtains a Kondo- 
ferromagnetic state below the Curie temperature Tc, then 
a Kondo state between Tc and the Kondo temperature 
Tk and finally a paramagnetic state above Tk- Then, 
the critical temperatures, Tc and Tk, have been derived 
as a function of Jk- We would like to stress that Tk 
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increases abruptly above a critical value J^, while Tc is 
always non zero but increases slowly above and then 
remains at a value smaller than Tk- This ferromagnetic- 
Kondo diagram is shown in Fig. [3] and is completely dif- 
ferent from the Doniach diagram derived for cerium com- 
pounds. Thus, the UKL model provides the first expla- 
nation of the behavior of ferromagnetic Kondo uranium 
compounds, describing the coexistence of Kondo behav- 
ior and ferromagnetic order. 



Besides its applicability to the physics of ferromagnetic 
uranium compounds, the UKL model is an interesting 
problem on its own, but yet it has attracted a little at- 
tention. Possible extensions of this model would be very 
interesting, in order to describe the coexistence between 
the ferromagnetic order and Non- Fermi-Liquid behavior, 
as observed in U Ru2-xRsxSi2 compounds^i or the de- 
crease of Tc versus Jk down to a eventual quantum crit- 
ical point. 
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FIG. 3: The ferromagnetic Doniach diagram: Plot of the 
Curie temperature Tc and the Kondo temperature Tk versus 
Jk for Jh = —0.01 and Uc = 0.8. Reproduced from Ref.— 



V. CONCLUSIONS 

We have analyzed how the interplay between Kondo 
effect, magnetic order, (antiferromagnetic or ferromag- 
netic) , and spin glass behavior modify the Doniach phase 
diagram for the Kondo lattice. We have discussed in de- 
tail the cases of a) cerium compounds where the Kondo 
effect coexists with short range magnetic correlations but 
competes with long range magnetic order, b) disordered 
cerium alloys of the type CeCuxNii-^, where the ob- 
tained Doniach diagram exhibits magnetic ordered, spin- 
glass and Kondo phases and c) uranium compounds, like 
UTe, which are well described by the UKL model, that 
can account for the observed coexistence between ferro- 
magnetic order and Kondo behavior observed in those 
uranium compounds. 
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